[1] We use data acquired between 1978 and 2008 by four satellite radar altimeter missions (Seasat, ERS-1, ERS-2 and Envisat) to determine multidecadal elevation change rates (dh i /dt) for six major Antarctic Peninsula (AP) ice shelves. In areas covered by the Seasat orbit (to 72.16°S), regional-averaged 30-year trends were negative (surface lowering), with rates between À0.03 and À0.16 m a
Introduction
[2] The Antarctic Peninsula (AP) is experiencing rapid climate change, documented by: atmospheric warming Steig et al., 2009a Steig et al., , 2009b ; a reduction of sea ice on the western side of the AP ; warming water on the Bellingshausen Sea continental shelf [Meredith and King, 2005; Martinson et al., 2008] ; a warming trend in intermediate and deep waters in the Weddell Sea [Robertson et al., 2002] ; and trends in regional precipitation recorded in ice cores [E. R. . At the same time, 87% of marineterminating glaciers are retreating [Cook et al., 2005] and seven out of 12 major AP ice shelves have undergone dramatic collapses [e.g., Doake and Vaughan, 1991; Rott et al., 1996; Scambos et al., 2003 Scambos et al., , 2009 , while others have experienced more steady retreat [Cook and Vaughan, 2010] . Observations of flow velocities on glaciers feeding ice shelves indicate that, when an ice shelf collapses, the flow of land ice toward the ocean can rapidly accelerate, contributing to global sea level rise Shuman et al., 2011] . This link between the loss of ice shelves and dynamic loss of grounded ice implies that it is important to develop the ability to accurately represent ice shelves and their evolution in climate models.
[3] The collapse of AP ice shelves appears to follow the southward advance of a "climatic limit" associated with a long-term regional atmospheric warming trend. Mercer [1978] suggested that many of the AP ice shelves were located, at that time, near the limit of viability, which he associated with the January (summer) 0°C isotherm. Morris and Vaughan [2003] noted that the timing of ice-shelf collapse events is generally consistent with the southward passage of the À9°C annual-averaged isotherm. Both of these studies suggest a fairly simple scheme for predicting the future collapse of remaining AP ice shelves from climatemodel projections of air temperature. However, there is evidence that ice shelves also respond to changes in ocean temperature and circulation through their impact on basal melt rates [e.g., Holland et al., 2010; Bindschadler et al., 2011] , and possibly to changes in sea ice through its damping effect on ocean surface waves that impact iceberg calving (R. Massom, personal communication, 2010) . The complex coupling between the atmosphere (temperature, radiation balance, precipitation and wind stress), ocean (circulation, temperature and waves), and sea ice (concentration and thickness) complicates attribution of ice shelf changes to specific processes. 1 [4] The five-decade history of AP ice shelf areal extent provided by Cook and Vaughan [2010] from satellite imagery is an invaluable compilation for exploring ice shelf sensitivity to environmental factors. Additional information about the structure and dynamics of an ice shelf can be obtained through measurements of ice-shelf surface elevation (h i ) variability. Correlation of h i with atmospheric and oceanic variables can help identify the causes of these structural changes before they are detected in satellite imagery. A nearly continuous, approximately monthly time series of h i has been acquired from 1992 to the time of writing (November 2011) by satellite radar altimeter (RA) instruments on the European Space Agency's first Earth Remote Sensing satellite (ERS-1) and its follow-on satellites ERS-2 and Envisat. used RA data from ERS-1 and ERS-2 to obtain averaged trends of dh i /dt for Larsen C Ice Shelf for the period 1992 to 2001, and Zwally et al. [2005] presented area-averaged dh i /dt values from ERS-1 and ERS-2 data for the same nine-year period for Larsen B, Larsen C, George VI and Wilkins ice shelves. All these ice shelves experienced time-averaged surface lowering during this period, with typical values of dh i /dt ≈ À0.2 m a À1 .
[5] The study of ice-shelf extent by Cook and Vaughan [2010] was based on five decades of data; during this time, several AP ice shelves displayed nonmonotonic behavior of areal extent. Known time scales of variability of AP atmospheric and oceanic conditions range from interannual to decadal [Monaghan et al., 2006; Meredith and King, 2005; Martinson et al., 2008] ; therefore, the nine-year averaged values of dh i /dt reported by and Zwally et al. [2005] may not be representative of averages over several decades. This hypothesis is supported by a geodetic study of Amery Ice Shelf in East Antarctica , which showed that, while there were significant subdecadal fluctuations in dh i /dt on the order of 0.1 m a À1 , no major net elevation changes occurred over the $ 40-year period 1968-2008. [6] The quasi-continuous time series from the three modern RA satellites (ERS-1, ERS-2 and Envisat) now extends for almost two decades (1992-present) . This is twice as long as the records analyzed by and Zwally et al. [2005] , prompting a reanalysis of these data. In addition, the RA record can be extended further back in time by using data acquired by Seasat for three months in austral winter 1978. Seasat was the first RA instrument to acquire sufficiently precise data over ice shelves for mapping purposes [Brooks et al., 1983] , and its orbit limit of 72.16°S provided relatively good spatial coverage over the AP. In this paper we combine Seasat RA data with the modern RA time series (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) to examine multidecadal trends in dh i /dt for Antarctic Peninsula ice shelves. Comparisons of Seasat and ERS-1 in 1992 provide estimates of dh i /dt averaged over the 14 years preceding ERS-1, while those between Seasat and Envisat in 2008 provide 30-year averaged trends. We also analyze shorter time periods of the continuous RA record -ERS-1 (1992) (1993) (1994) (1995) (1996) , ERS-2 (1995 ), and Envisat (2003 [Pritchard et al., 2009] , it is not trivial to combine them with RA data. Radar and laser altimeters have very different instrument characteristics, including footprint size (RA pulse-limited footprint is on the order of 3 km; ICESat's is 55-75 m) and scattering properties (RA pulse penetrates into the surface [Davis and Moore, 1993 ] whereas ICESat's laser reflects from the surface). Furthermore, ICESat was operated in a "campaign" mode (two or three 33-day campaigns per year repeating the same ground tracks), and there is little seasonal overlap with the Seasat RA data from austral winter 1978. There were only two campaigns in 2009, by which time the laser had low transmitted power, and so the inclusion of ICESat data would also not have significantly increased the length of the time series past the end of our RA time series (2008) . With these considerations, we choose to limit our analysis to the four RA missions identified above.
Seasat
[8] NASA's Seasat mission operated for $3 months from 7 July to 10 October 1978. The satellite flew in a 17-day orbit from 7 July to 7 September and then a 3-day orbit from 10 September to 10 October 1978. The ground tracks over the study area are shown in Figure 1 ; along-track measurements were $670 m apart. The Seasat RA instrument (13.56 GHz K u band) was designed for operation over the ocean where the return is simple and the surface scattering is well known; it was not optimized for ice, which has a much rougher surface and leads to a more complex return. Seasat's coverage (72.16°N to 72.16°S) meant that it did acquire some data over the Greenland and Antarctic ice sheets. Analysis of RA data over Antarctica from the Seasat mission estimated a precision of $1 m [Brooks et al., 1978] , which led to the realization that the instrument had applications over smoother parts of the ice sheets, especially ice shelves [e.g., Brooks et al., 1983] . This successful performance over ice by Seasat, and its predecessor GEOS-3, led to improved RA designs for measurements over ice for ERS-1, ERS-2 and Envisat.
ERS-1 and ERS-2
[9] The European Space Agency (ESA) Earth Remote Sensing satellites, ERS-1 and ERS-2, both carried RA instruments (13.8 GHz K u band) that acquired surface elevation data between 81.5°N and 81.5°S. Most data were acquired with the satellites in the same 35-day orbit, allowing assessment of changes of ice-shelf surface height h i at the locations of crossovers between ascending and descending tracks [Zwally et al., 1989] . The 35-day orbit ground tracks over the study region are shown in Figure 2 ; along-track measurements were $350 m apart. A significant fraction of the total variance of h i is due to temporally undersampled processes including tides Shepherd and Peacock, 2003] and the inverse barometer effect [Padman et al., 2003] . With accurate removal of these high-frequency signals, however, the long record length (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and frequent sampling (twice every 35 days) allow determination of trends in h i [see, e.g., Davis and Ferguson, 2004; Zwally et al., 2005; King et al., 2009] .
[10] The ERS RAs operated in both the standard ocean mode and a specialized "ice mode" [Francis, 1984] . The main difference between the two modes is that the ice mode range window (i.e., the part of the returned signal that is recorded) was four times wider than for ocean mode, resulting in coarser sampling of the return waveform and lower precision. This mode is appropriate for regions of the ice sheets with rough surface topography. Over smoother parts of the ice sheets such as ice shelves, however, the return waveform is "ocean-like," so that the wider ice mode range window is not required. Zwally and Brenner [2001] , using crossover analysis over the entire Antarctic ice sheet, estimated the ERS-1's RA precision to be 0.40 m in ocean mode and 0.73 m in ice mode; Brenner et al. [2007] estimated 0.59 m for ERS-2 precision in ice mode over low slopes. Background image for maps is the MODIS Image of Antarctica (MOA) [Haran et al., 2005; Scambos et al., 2007] . Yellow boxes show the 12 ice shelf regions used for averaging (see Figure 2 caption for names). The black lines are the ERS/Envisat ground tracks and the white lines are the Seasat ground tracks. The circles at the inter-mission crossover locations of are color-coded according to their derived dh i /dt rate. Points that failed criteria 1 to 4 (section 3.2.1) are shown as open circles; these points were excluded from the regional averages. Figure 2 . Derived rates of elevation change (dh i /dt) on the Antarctic Peninsula ice shelves from three intramission crossover solutions: (a) ERS-1 only, (b) ERS-2 only, and (c) Envisat only. (d) The intramission crossover identification numbers, and also the locations of two ice core sites (Gomez and Dyer Plateau, as black squares) discussed in section 5.1. Background image for maps is the MODIS Image of Antarctica (MOA) [Haran et al., 2005; Scambos et al., 2007] . Yellow boxes show the 12 ice shelf regions used for averaging: Wilkins North (WN); Wilkins South (WS); Bach; Stange; George VI North (GVIN); George VI Central (GVIC); George VI South (GVIS); George VI West (GVIW); Larsen C North (LCN); Larsen C Central (LCC); Larsen C South (LCS); Larsen D. The black lines are the ERS/Envisat ground tracks and the circles at the crossover locations are color-coded according to their derived dh i /dt rate. Points that failed criteria 1 to 4 (section 3.2.1) are shown as colored open circles; these points were excluded from the regional averages. [11] For this study of AP ice shelves we restrict our analyses to ERS ocean-mode data because of its higher precision and because it is more similar to the single mode of Seasat. Furthermore, there is a spatially variant bias between ocean and ice modes [Zwally et al., 2005 ] so we chose not to mix modes. Previous RA ice shelf studies Zwally et al., 2005] used only ice-mode data.
Envisat
[12] ESA's Envisat was launched in 2002 into the same 35-day orbit as ERS-1 and ERS-2 with the same along-track spacing between measurements. Envisat's RA instrument (RA-2) [Roca et al., 2009] , which has improved precision over ice compared with the ERS RAs, started to acquire usable data in October 2002 and continues to acquire data at the time of writing. The RA-2 instrument (13.575 GHz K u band) has three sampling modes (fine, medium and coarse sampling of the return waveform); for better comparison with Seasat and ERS ocean mode, we only used data from the fine mode (which was the majority of the ice shelf data). Brenner et al. [2007] estimated a precision of 0.28 m for RA-2 fine mode over ice sheet regions with low slopes. We used Envisat data through 2008, the latest year of fully processed data available at the time of analysis.
Methods

Radar Altimeter Data Processing
[13] We obtained all RA data (Seasat, ERS-1, ERS-2 and Envisat) as Ice Data Records (IDR) from NASA-GSFC's Ice Altimetry group (http://icesat4.gsfc.nasa.gov/index.html). The data had been retracked using NASA-GSFC's rangeretracking algorithm (i.e., the b-retracker [Martin et al., 1983] ; ERS-1 and ERS-2 used Version 5 and the other data sets used Version 4). The following adjustments were applied by NASA-GSFC: atmospheric range corrections; instrument corrections; slope corrections; solid earth tides Zwally and Brenner, 2001; Zwally et al., 2005] ; (for ERS) removal of a 40.9 cm bias from ERS-1 elevations to account for a change in instrument parameter used for ERS-2 [Femenias, 1996] ; corrections for drifts in the ultrastable oscillator and bias changes in the scanning point target response that are obtained from ESA; and upgraded orbits (DGM-E04 orbits for ERS, JGM-3 orbits for Seasat) which have a radial orbit precision of 5-6 cm [Scharroo and Visser, 1998 ]. Ocean tide corrections were also applied using the CSR3 global tide model; this model is, however, not accurate in Antarctica [King and Padman, 2005] . We therefore removed the applied tide correction to give "retided" elevations, then reapplied the tide correction using the regional Circum-Antarctic Tidal Simulation, version 2008a (CATS2008a) tide model. This model, an update to the inverse tide model described by Padman et al. [2002] , has high resolution ($4 km) and a more accurate land mask than global models, allowing more accurate tide prediction close to coasts. The inverse barometer effect (IBE), which also contributes to short-term variability in h i [Padman et al., 2003] , was not corrected for in this study; the IBE correction (root-mean-square signal of $0.05-0.1 m) is small compared with the precision of the ERS RAs over ice ($0.3-0.4 m) . We excluded all data for which the return waveform had no leading edge, and all specular returns indicating surface melt ponds and meltstreams [Phillips, 1998 ]. We used a mask grid with 1-km spacing to determine whether each location corresponded to ice shelf, land or open ocean. The mask is based on the digitized grounding line and ice-front data set developed from the Mosaic of Antarctica (MOA) [Scambos et al., 2007] , with some small adjustments based on Interferometric Synthetic Aperture Radar (InSAR) (E. Rignot, personal communication, 2009 ). The mask is, therefore, most accurate for the ice shelf geometry of the MOA epoch of 2003/ 04. We removed all data that were not ocean mode (for ERS-1 and ERS-2) or fine mode (for RA-2) as described above.
[14] We used the 35-day repeat phases of ERS-1 (Phase C, April 1992 to December 1993; and Phase G, March 1995 to June 1996) , all of ERS-2 (May 1995 to June 2003), and Envisat data from October 2002 to December 2008. We excluded data from the austral summer, using data only from 1 April to 30 November each year to minimize the effect of seasonal surface melting, which may introduce a bias due to changes in radar penetration [R. . Other studies have applied an elevation correction to account for the changing backscattered power, or radar backscatter coefficient (s 0 ) [e.g., Wingham et al., 1998; Davis and Ferguson, 2004] . Zwally et al. [2005] stated that the automatic gain control (AGC) may be used as a proxy for s 0 . We calculated the correlation (R AGC ) between the AGC changes and elevation changes for each crossover on ice shelves in our AP data set, using only ERS-1 data covering the period of most rapid surface elevation change for most ice shelves (see below). The mean value was R AGC ≈ 0.06, and only 31 of 229 crossovers ($14%) had |R AGC | > 0.2; these 31 crossovers were randomly distributed over the various AP ice shelves. Based on these statistics, we did not apply a backscatter correction for the present study.
[15] To account for the bias between different satellites, we used estimates from open ocean altimeter data derived independently by Bruce Haines of the Jet Propulsion Laboratory (JPL) [Tardy et al., 2000] and Tim Urban of the Center for Space Research [Urban, 2000] (T. Urban, personal communication, 2010) . The JPL bias values have previously been used to correct RA data from grounded ice sheets [e.g., Davis et al., 1998 Davis et al., , 2000 but did not include a bias for Envisat; for the coinciding missions the two sets of biases were in close agreement. By combining the two sets of bias values, we obtained the following biases between satellites: Seasat to ERS = 0.36 m; Seasat to Envisat = 0.77 m; and ERS to Envisat = 0.41 m. For each of these listed biases, we subtract the bias from the second mission; corrected elevation differences are then given by h 2 -bias-h 1 . We take the ERS-1 to ERS-2 bias as zero following the correction of $0.41 m applied by NASA-GSFC to align the two data sets.
Crossover Analyses
[16] In crossover analyses of satellite RA data, elevation differences are determined at the precise locations where satellite ground tracks intersect, by interpolating the elevation measurements on either side of the crossover [e.g., Zwally et al., 1989] . For the present study we consider two types of crossover analyses: those based on single satellite missions ("intramission"); and those based on comparisons between data from different satellites ("inter-mission"). For intramission analyses, intersection points occur between the satellite's ascending and descending orbits and are regularly spaced in longitude for any given latitude, becoming closer together with increasing latitude. For the ESA satellites in the standard 35-day orbit, crossovers at 70°S are $27 km apart; see Figure 2 . For inter-mission analyses involving satellites with different orbit characteristics (in this study, Seasat and one of the ESA satellites), the intersection points are irregularly spaced (see Figure 1 ). We performed three intramission crossover analyses (ERS-1 (1992 (ERS-1 ( -1996 , ERS-2 (1995 ERS-2 ( -2003 and Envisat (2002 Envisat ( -2008 ) and two inter-mission analyses (Seasat (1978) to ERS-1 Phase C (1992), and Seasat (1978) to Envisat for 2008). The Seasat to Envisat crossover analysis provides the longest time interval (30 years) for long-term trends, and an opportunity to check the sum of height changes from the four shorter-term trend analyses.
[17] To ensure the crossovers were on fully floating ice, we used only crossovers that were at least 3 km inside the ice shelf based on our 1-km gridded mask. This distance-to-margin threshold was determined by visual inspection of ERS and Envisat crossovers near the ice-shelf perimeter (grounding line and ice front), and comparison with nearby ice-shelf crossovers further away from the perimeter. It is also approximately equal to the diameter of the pulse-limited footprint for the RAs over ice [Lingle et al., 1990] and the typical width of the ice flexure zone that approximately defines the grounding zone Brunt et al., 2010] . Some points near ice fronts were lost due to calving during the analysis periods. We excluded these points from our analysis so that calving did not influence regional averaging of dh i /dt. Further removal of intramission crossovers is discussed below.
Intramission Crossovers
[18] We analyzed the ERS-1, ERS-2 and Envisat satellite RA data for all 35-day repeat phases at each orbital crossover location on the AP ice shelves (Figure 2a ). This provided a quasi-continuous record of nonsummer elevation changes at each crossover for the period 1992-2008, with a gap in 1994-1995 when ERS-1 did not operate in the 35-day orbit. After deleting crossovers not located on the floating ice we examined the elevation time series at each crossover to look for anomalous points. A few time series for crossovers more than 3 km from the assumed perimeter showed behavior that was different to nearby ice-shelf crossovers. Such behavior included: a low fraction of returned elevation values (typical of steep, rough or crevassed ice surfaces); high standard deviation (>1 m) of several of the annual (nonsummer) blocks of data; and increased variance after applying the ocean tide correction. The latter signature suggests that the ice was grounded or within the ice flexure zone.
[19] From this review of elevation time series we developed the following explicit criteria for rejecting intramission crossovers from further analyses:
[20] 1. Crossover located 3-10 km from the mask grounding line but has signal characteristics indicating that the crossover may be on grounded ice or in the ice flexure zone.
[21] 2. Mean elevation at crossover exceeded 150 m (assumed to be grounded ice for AP ice shelves).
[22] 3. Elevation time series of slope-and tide-corrected data at crossover had standard deviations s(h i ) exceeding 1 m for annual (nonsummer) blocks, compared with typical values of $0.5 m (see Figure 3) .
[23] 4. Total elevation time series at crossover was short (<2 years for ERS-1, <5 years for ERS-2, and <4 years for Envisat). Several crossovers lost data early in ERS-2 and were excluded from averaging.
[24] We deleted a crossover from our analyses even if it only failed on one of the above criteria in one mission. This enables direct comparisons between maps of crossover trends and between regional-averaged trends.
[25] For each retained crossover, we calculated intramission linear least squares trends 〈dh i /dt〉 following the method described in Appendix A. The method differs slightly from usual analyses by including a correction for surface slope: some of the measured change in h i arises from offset (up to $3 km) of actual crossover location relative to the nominal location, leading to sampling of spatial slopes dh i /dx.
Inter-mission Crossovers
[26] We used inter-mission crossover analysis to estimate the elevation differences (h diff ) between intersecting tracks for two combinations of the altimeter data sets: Seasat to Envisat in 2008; and Seasat to Phase C of ERS-1 (ERS-1C) in 1992. The crossover comparison between Seasat (1978) and Envisat (2008) provides the longest possible time period; the Seasat comparison with ERS-1C identifies the changes that occurred in the 14 years before the start of the modern continuous RA record.
[27] To minimize the effects of seasonal variability in precipitation and firn compaction, we only used ERS-1 and Envisat data for the period 1 June to 30 October (austral winter), encompassing the Seasat operational period of 7 July to 10 October. Invalid data were excluded following the same general procedures as for intramission crossovers. To estimate the time-averaged trend 〈dh i /dt〉 from h diff , we subtracted the appropriate intersatellite bias and divided by the time separation of the epochs (14 and 30 years for Seasat/ERS-1C and Seasat/Envisat-2008, respectively). This approach to trend estimates is not the same as linear least squares analysis of continuous time series as used in the intramission analyses; however, since we have a data gap between 1978 and 1992, it is not possible to use the linear least squares fit approach.
Combined Time Series, 1992-2008 (ERS and Envisat)
[28] The ERS-1, ERS-2 and Envisat RA 35-day phases operated in the same repeat orbit, providing approximately monthly revisits of the same crossover locations over the period 1992-2008 (Figure 2 ). The data can therefore be merged, after inter-mission bias corrections (section 3.1) are applied, to form combined time series at each of these locations for the 16-year period. For the present study we restricted our analyses to the annual (nonsummer) averaged elevations created for the intramission calculations of 〈dh i /dt〉. An example of a combined time series is shown in Figure 3 for the same crossover on the northern Larsen C Ice Shelf highlighted by Shepherd et al. [2003, Figure 2] . In our crossover scheme, this crossover has an identification number of 373 (X373; see Figure 2d for its location).
[29] Figure 3 demonstrates the challenge of deriving trends from short time series RA data: trends are dependent on where the endpoints for the time series are selected. While the ERS-2 and Envisat elevations agree well during the overlap period in 2003, the linear trend lines do not intersect: the Envisat trend value exceeds the ERS-2 value by $0.3 m in 2003. Figure 3 also shows that there may be significant differences between our intramission trends calculated with linear least squares analysis, and inter-mission trends based on the elevations differenced over a long time interval. If we were to difference the last and first data point of the Envisat time series at X373, the trend would be much lower than derived by least squares using all the points because the approach would miss the rapid elevation gain from 2003 to 2004.
Results
Elevation Trend Maps 4.1.1. Intramission Trends
[30] Intramission elevation change rates dh i /dt (in m a À1 ) at each AP crossover location for ERS-1, ERS-2, and Envisat are shown in Figure 2 . Each mission captured an overall pattern of surface lowering (dh i /dt < 0) over most of the AP. The typical rates of surface lowering were much higher during the ERS-1 period than for both the ERS-2 and Envisat periods almost everywhere, which is particularly striking over Larsen C Ice Shelf (see example crossover time series in Figure 3 ). The linear trends for each mission, for each crossover shown in Figure 2 , are listed in auxiliary material Table S1 . 
Derived Trends by Region
[32] To simplify further discussion of regional variations in dh i /dt, we divided the AP ice shelves into 12 geographical regions (see Figures 1 and 2 ). Large variations of dh i /dt occur over short distances within many of these regions. For example, some crossovers close to the ice fronts of George VI (south and west), Stange and Wilkins ice shelves show much more rapid surface lowering than at nearby points in the interior of each ice shelf. This observation suggests that thickness changes near ice fronts can be driven by processes that do not apply directly to the bulk of the ice shelf; e.g., large ice mass divergence, and rapid melt associated with intermittent advection of seasonally warmed surface water under the front of the ice shelf [Horgan et al., 2011] .
[33] Three large ice shelves along the northeastern coast of the AP collapsed during the period of modern satellite RA measurements: Prince Gustav, Larsen A, and Larsen B [see Cook and Vaughan, 2010] . Wordie Ice Shelf, in Marguerite Bay on the western side of the AP, had mostly collapsed by 1992 [Cook and Vaughan, 2010] . Although we have excluded these areas from our detailed regional analyses, we The numbers shown are the mean rate for each area, together with the standard deviation. The number of valid crossover points is in square brackets (for the intramission values it is the same for each mission). There are no crossovers with Seasat for the three regions that lie south of its orbital limit (Stange, GVIS and GVIW).
describe the precollapse trends on Larsen B Ice Shelf when discussing individual regions, below.
[34] We calculated area-averaged dh i /dt (denoted by 〈dh i /dt〉 a ) for each of the 12 regions for the three intramission analyses and the two inter-mission analyses; see Table 1 and Figure 4 . Three of the 12 regions (George VI South, George VI West, and Stange) were south of Seasat coverage. The values of 〈dh i /dt〉 a are simple averages of the available crossover data for each analysis; we have not weighted each crossover by an associated area or accounted for the different spatial sampling of the intramission and inter-mission crossovers. Comparing  Figures 1 and 2 , the difference in spatial sampling for the two analysis types is unlikely to be important for Larsen C Ice Shelf and Wilkins Ice Shelf, but makes it difficult to directly Table 1 ). In this representation, the width of the box indicates the subperiod and the height of the box indicates the uncertainty, given by the standard error of the mean of the individual estimates of dh i /dt. Horizontal dashed lines indicate dh i /dt = 0. The elevation changes derived independently from the Seasat to Envisat analysis ("long-term") and the sum of the individual missions "sum of missions" are given for the 9 regions that have Seasat coverage. For the three regions whose ERS-1 boxes extend outside the plotted range because of a large standard error of the mean, we show a horizontal line at the mean dh i /dt value. compare the methods for Larsen D and George VI (central and northern) ice shelves.
[35] We calculated the standard deviation of the set of trends s(dh i /dt) for the full set of crossovers within each region, and the standard error in the estimate of the mean trend,
À1/2 , where N is the number of individual trend estimates in each region. These values are provided in auxiliary material Table S1 .
[36] For the nine regions that were covered by Seasat, we checked that the derived elevation change over the entire 30-year period estimated from the averaged long-term change rate (dh i /dt seasat-to-envisat ) was similar to the sum of elevation changes estimated from the four shorter periods. For the "long-term" number, we multiplied dh i /dt seasat-to-envisat by 30 years to obtain the total change in elevation (Dh total = 30dh i /dt seasat-to-envisat ). For the "sum of the missions" number we used the following equation:
[37] The calculations differ in the numbers of points for the intra and inter-mission comparisons, the spatial sampling, and the trend-analysis methodology; this summation is, therefore, not precise, but does provide a general check on the magnitude of the trends. These numbers for each region are given in the individual plots of Figure 4 .
[38] As Figure 3 demonstrates, breaking the time series of h i at a specific crossover into multiyear intervals determined solely by mission duration can fail to capture the principal modes of temporal variability; significant changes in dh i /dt can occur on annual timescales. Figure 5 shows, for each of the 12 regions, the combined time series of height anomalies from 1992 to 2008 from the cumulation of ERS-1, ERS-2 and Envisat RA data. There is an overall trend in surface lowering for 1992-2008 in all regions; however, each region has a different temporal pattern in 〈dh i /dt〉 a . This is consistent with the study of ice-shelf extent by Cook and Vaughan [2010] , who found that individual ice shelves displayed considerable differences in the timing and course of their retreat. Below, we describe the results from both the intramission and inter-mission analyses region by region in the following order: western AP (Wilkins, Stange, Bach and George VI ice shelves) and eastern AP (Larsen B, Larsen C and Larsen D ice shelves).
Wilkins Ice Shelf
[39] We divided Wilkins Ice Shelf into two regions, north and south (WN and WS, respectively). There were five intramission crossovers in WN and six in WS. A portion of the northern Wilkins Ice Shelf collapsed in March and July 2008 ], but crossovers located on the calved portion were not included in any of our analyses. A much larger calving event occurred in 2009 including portions of WS [Humbert et al., 2010] , but this was after the end of our Envisat time series.
[40] The long-term average surface lowering (1978-2008) on WS (〈dh i /dt〉 a = À0.16 m a À1 ) is the most rapid regionalaveraged, 30-year surface-lowering rate we obtained for any AP region (Table 1 ). Wilkins South also had the highest surface lowering rates for the 14 years before the ERS-1 period (〈dh i /dt〉 a = À0.21 m a
À1
) and was the only ice-shelf region where the lowering rate prior to 1992 exceeded the 30-year average. All WS crossovers experienced surface lowering until about 2000 ( Figure 5 ). After 2000, only crossover X313 (near the western ice front just east of Latady Island; see Figure 2d for location) continued to experience lowering.
[41] Wilkins North also had relatively high lowering rates between 1978 and 1992 (〈dh i /dt〉 a = À0.08 m a À1 ). The ERS/Envisat data ( Figure 5) show that the lowering continued until 1996; after this, 〈dh i /dt〉 a = 0.
Bach and Stange Ice Shelves
[42] In the ERS/Envisat time series (Figure 5 ), Bach Ice Shelf shows similar temporal behavior to its northern neighbor WS, with the most rapid decline in elevation prior to year 2000. Unlike WS, however, Bach Ice Shelf lowering was more rapid in the post-1992 period than prior to 1992 ( Figure 4 and Table 1 ).
[43] Stange Ice Shelf is buttressed by several islands and has three distinct ice fronts. This ice shelf is south of the Seasat orbit limit; therefore, there are no RA data before 1992. There is considerable spatial variability in dh i /dt recorded by ERS-1, ERS-2 and Envisat (Figures 2 and 5) . 
George VI Ice Shelf
[44] We divided the long, narrow George VI Ice Shelf, which occupies George VI Sound between Alexander Island and the AP, into four subregions; north, central, south and west (GVIN, GVIC, GVIS and GVIW, respectively; see Figures 1  and 2 ). The George VI Ice Shelf has one ice front in GVIN and another in GVIS/GVIW. The ocean cavity between these ice fronts is separated into two parts by a deep basal ridge [Holland et al., 2010] , which aligns with our boundary between GVIC and GVIS. This is, however, also close to the southern limit of the Seasat orbit, which means that there are no long-term comparisons for GVIS and GVIW. There were very few intramission crossovers for GVIN and GVIW, which had only three and four reliable crossovers respectively. For the two regions with Seasat data, GVIN and GVIC, there were relatively few crossovers between Seasat and the ERS/Envisat tracks; the few crossovers are irregularly spaced (Figure 1 ) and simple averages might not accurately represent the conditions experienced by the bulk of the region. Assuming, however, that the available data are representative, GVIN experienced significant lowering (〈dh i /dt〉 a = À0.13 m a
À1
) from 1978 to 2008. For GVIC, 〈dh i /dt〉 a = À0.04 m a À1 for the same time period. For both regions, the rates prior to 1992 are negative; however, they are not significantly different from zero.
[ crossovers ( Figure 5) . However, the trend of the regional average 〈dh i /dt〉 a was negative throughout the record. The small portion of the ice shelf denoted GVIW, which only contains three crossovers, shows rapid lowering in the early 1990s (ERS-1), little change to $2003, and further lowering to 2006.
Larsen B Ice Shelf
[46] Larsen B Ice Shelf experienced a series of ice front retreats beginning in the 1980s [Cook and Vaughan, 2010] Figure 4 ) indicate that lowering was most rapid on LCN and LCC during the ERS-1 epoch (1992) (1993) (1994) (1995) (1996) . This is confirmed by the combined plots for 1992-2008 ( Figure 5 ), which show very rapid lowering during 1992-1995. During most of the following decade (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , 〈dh i /dt〉 a was small, but this was followed by another period of rapid decline during 2005-2007. [48] Larsen C South (LCS) is a much more complex region, with some crossovers experiencing significant height increases. While the 30-year trend in 〈dh i /dt〉 a was negative, a small positive trend was found for the ERS-2 epoch (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) . We attribute some of the variability on LCS to large surface crevasses that originate at Kenyon Peninsula (Figure 1a) , have typical along-flow spacing of order 10 km and propagate toward the ice front at $0.5 km a À1 [Glasser et al., 2009; Jansen et al., 2010] . Thus, over several years a crevasse can advect across the RA pulse-limited footprint ($3 km) at the crossover location, so that the location being sampled changes from being on the relatively flat ice surface to inside a crevasse, and vice versa.
[49] Larsen D (LD) is composed of multiple narrow glacier tongues interspersed with thick fast-ice formed from sea ice and many years of in situ surface accumulation. This ice shelf experiences significant surface crevassing (similar to LCS) and other surface roughness features. The 30-year value of 〈dh i /dt〉 a was slightly negative (À0.03 m a [50] From these analyses, we find that LCN and LCC have behaved roughly synchronously, suggesting that they are responding to the same general atmospheric and/or oceanic forcing. LCS shows a weaker but similar signal to its northern neighbors during the strong surface lowering periods, but experienced an overall surface elevation increase during the period 1993-2005. Based on the Seasat to Envisat (1978 Envisat ( -2008 crossover analyses, LD appears to have experienced negligible change during the 30-year period; however, there is a large imbalance and large uncertainty in the estimates of total height change from these crossovers compared with the summation of the four shorter-duration analyses. We tentatively attribute these differences to the relatively poor spatial sampling of this narrow, complex ice shelf (see Figures 1  and 2 ).
Discussion
[51] Variability in ice shelf elevation dh i /dt can be driven by several processes including changes in surface and basal mass balances, ice divergence and firn compaction [Shepherd et al., , 2004 . Observed variations in h i measured with RA can also be caused by changes in surface properties that affect the radar penetration depth [Davis and Moore, 1993] and depth of the reflecting layer [R. . It is beyond the scope of the present paper to determine the exact cause of elevation change for each region discussed in section 4; this would require numerical modeling that takes into account the variability of and coupling between the atmosphere, ocean, sea-ice and ice-shelf components at a variety of temporal and space scales. However, it is informative to compare dh i /dt for the 12 ice-shelf regions (Table 1 and Figures 4 and 5) and to consider the processes that might be responsible for these trends. We focus on atmospheric and oceanic influences on dh i /dt; however, variations in the ice shelf force balance driven by the changes in dynamics of the adjacent grounded ice sheet may also lead to signals in ice shelf dh i /dt [see, e.g., Khazendar et al., 2011; Shuman et al., 2011] .
[52] In this discussion we first summarize the state of knowledge about atmospheric and oceanic processes around the AP that would cause signals in dh i /dt (section 5.1) then describe some features from these new analyses that illustrate the value of long-term monitoring of ice shelf surface elevation with RA satellites (section 5.2).
Atmospheric and Oceanic Variability Around the AP
[53] The ice shelves on the two sides of the AP have quite different atmospheric and oceanic settings, brought about by the intervening high ridge of the AP (elevations up to $3000 m) and the differences in water mass properties between relatively warm water over the Bellingshausen Sea continental shelf [Padman et al., 2012] and the near-freezing water on the continental shelf in the western Weddell Sea [Muench and Gordon, 1995; Nicholls et al., 2004] . There is also a north-south gradient in atmospheric, oceanic and sea-ice properties, particularly in the Bellingshausen Sea.
Atmospheric Variability
[54] Atmospheric variability impacts dh i /dt through changes in surface mass balance (SMB) and firn compaction, which is sensitive to surface air temperature and the radiation balance. Atmospheric conditions over the AP region have undergone rapid changes over the last few decades [Morris and Vaughan, 2003; Vaughan et al., 2003 ; E. R. Steig et al., 2009a Steig et al., , 2009b , and we expect these changes to be reflected in our dh i /dt measurements. Temporal changes in SMB on the AP may be large, with variability on time scales from years to centuries [E. R. . At a high-accumulation site near 1400 m elevation in the southwestern AP ("Gomez"; see Figure 2d for location), decadal-averaged accumulation rate doubled between 1860 and 2006. There was also large interannual variability, with changes of a factor of $2 from one year to the next [E. R. Figure 1] . Measurements from the Dyer Plateau (2002 m; see Figure 2d ) on the central AP show a comparable fractional rise in long-term averaged accumulation rates.
[55] The documented changes in water-equivalent (w.e.) precipitation are significant; at Gomez, the range over our period of interest Figure 5c ], precipitation-caused Dh i can be of order 1 m on the relatively short (less than decadal) ERS RA data records analyzed by and Zwally et al. [2005] . That is, interannual changes in precipitation are sufficiently large to explain a significant fraction of the observed interannual changes in h i .
[56] Even if SMB remains constant, variations in the atmospheric conditions affecting firn compaction (including air temperature and radiation balance) can lead to changes in dh i /dt. In cool conditions, firn compaction occurs in response to changes in temperature and pressure after the snow has settled [Cuffey and Paterson, 2010] . Most of the AP ice shelves experience long summer melt seasons, however, and so traditional models of gravity-driven dry firn compaction [e.g., Arthern et al., 2010; Li et al., 2007] will be inaccurate; instead, firn compaction on AP ice shelves is likely to be dominated by melting and refreezing.
[57] Several independent studies using passive microwave data from satellites have documented increasing length of the summer melt season on both sides of the AP in recent decades [e.g., Ridley, 1993; Tedesco, 2009] While the estimated number of melting days is sensitive to the algorithm used, the mean for Wilkins Ice Shelf is of order 40-90. The data suggest a rapid increase in summer melting in [1988] [1989] , and a slight decline in 2000 -2001 . Fahnestock et al. [2002 documented an anomalously long melt season peninsula-wide in the 1992/1993 summer, and to a lesser degree in the 1994/1995 and 1997/8 summers.
[58] We assume that the degree of surface melting and resulting firn compaction are correlated with the changes in summer melting days, up to some limit at which complete densification of the annual snowfall occurs every summer. As melt season duration increases even further to the point where liquid water is routinely produced, we would expect direct conversion to ice and a possibility of some mass loss through runoff.
[59] For a typical annual net precipitation of 0.5-1 m(w.e.) a À1 , the difference in h i between negligible and full firn densification over summer (from snow at $0.4 kg m À3 to firn at $0.7 kg m À3 ) is of order 1 m. Since most of the AP ice shelves have been experiencing long melt seasons since the beginning of the satellite era, we do not expect firn compaction to be responsible for a significant long-term trend in dh i /dt. For Larsen C Ice Shelf, however, Holland et al. [2011] reported that there was sufficient air in the firn layer of Larsen C Ice Shelf, based on airborne surveys in 1997-1998, to support their hypothesis that the measured reduction in h i over Larsen C Ice Shelf from 1992 to 2001 Zwally et al., 2005] could be explained by meltwater-induced firn densification.
Oceanic Variability
[60] Changes in the ocean and sea ice surrounding the AP have been documented by, for example, Robertson et al. for George VI Ice Shelf. The model showed a rapid increase in melting under George VI Ice Shelf from 1989 to 1992, followed by a period of relatively steady melt, then a further increase in [2005] [2006] . These changes were correlated with an increase in ocean temperature near the southern ice front of George VI Ice Shelf at the depths of the ice base. In turn, oceanic variability was correlated with a reduction in sea ice extent in the southern Bellingshausen Sea [see also Stammerjohn et al., 2008] , while Holland et al. [2010] suggested that changes in mixing rates over the continental shelf also played a role in transporting CDW heat upwards. Ultimately, the primary driver for all these changes is atmospheric variability.
[62] Potter et al. [1984] estimated an equilibrium basal melt rate for George VI Ice Shelf of w b ≈ 2.1 m a
À1
, which balances surface accumulation and input from grounded ice, and ice front advance and calving. The modeled mean melt rate since 1990 is w b ≈ 3 m a À1 [Holland et al., 2010, Figure 10a ], giving $1 m a À1 thinning in excess of equilibrium. (A higher mean value of w b ≈ 6 m a À1 for George VI Ice Shelf was reported by Dinniman et al. [2012] for the period 2000-2003; see time series in the work of Padman et al. [2012, Figure 12] .) The other western AP ice shelves are situated in similar topographic settings to George VI Ice Shelf Graham et al., 2011] , at the landward end of troughs extending to the continental slope. This makes them potentially sensitive to changes in the temperature and flux of relatively warm Circumpolar Deep Water (CDW) from the Antarctic Circumpolar Current, which is delivered to the sub-ice-shelf cavities via the troughs. However, the typical ice drafts for Wilkins and Bach ice shelves are less than for George VI Ice Shelf, and so it is possible that the subsurface layer of warm CDW that is responsible for rapid melting of George VI Ice Shelf [Holland et al., 2010] is too deep to affect the basal melt rates of these thinner ice shelves, which may instead be dominated by the predominantly seasonal cycle of temperature and circulation of upper ocean water masses near the ice fronts [see Padman et al., 2012, Figure 12] . 5.1.2.2. Eastern AP (Weddell Sea) [63] On the eastern side of the AP, the water adjacent to the ice shelf is near the surface freezing point temperature of T f ≈ À1.9°C [Muench and Gordon, 1995; Nicholls et al., 2004] , about 3°C colder than the water on the Bellingshausen Sea continental shelf. Recent modeling of Larsen C Ice Shelf by Holland et al. [2009] ). Both models indicate significant fractional changes in 〈w b 〉 for fairly small perturbations of ocean temperature; within the likely range of water temperature on the continental shelf, however, 〈w b 〉 remained small relative to the western AP ice shelves. Furthermore, Nicholls et al. [2004] reported hydrographic characteristics of Ice Shelf Water (ISW) flowing out of the Larsen C Ice Shelf cavity which indicated that basal melting involved inflowing ocean water with temperature very close to T f . That is, regardless of the changing temperature of warm intermediate water flowing onto the continental shelf adjacent to Larsen C Ice Shelf [Robertson et al., 2002] , the water will probably be cooled by winter surface heat fluxes, convection and sea-ice formation to near T f before entering the cavity. Thus, we propose that changes in basal melt rate can only make a fairly weak contribution to variations in dh i /dt for Larsen C Ice Shelf.
Coupling of Oceanic and Atmospheric Variability
[64] The primary driver of ocean variability in the vicinity of the AP ice shelves, over a wider range of time scales, is atmospheric forcing. Variability in basal melt rates is highly correlated with atmospheric changes through the influence of wind stress on water mass advection and mixing, and changes in sea ice properties influencing ocean-atmospheric heat, freshwater and momentum exchanges. The correlation between atmospheric and oceanic modes of variability makes it difficult to link dh i /dt signals to specific atmospheric or oceanic processes. However, based on recent studies summarized in sections 5.1.1 and 5.1.2, we conclude that variations in h i for Larsen C Ice Shelf are due almost entirely to changes in surface mass balance and firn compaction including surface meltwater production and refreezing [Holland et al., 2011] , while oceanic influence is negligible [Holland et al., 2009; Mueller et al., submitted manuscript, 2011] .
[65] In contrast, the western AP ice shelves experience significant basal melting [Holland et al., 2010; Padman et al., 2012; Dinniman et al., 2012] . Although changes in basal melt rate are large for both George VI Ice Shelf and Wilkins Ice Shelf, surface mass balance and firn compaction also play significant roles in h i changes over time scales of several years [Padman et al., 2012] . Since surface mass balance, firn compaction, wind stress, sea ice, and ocean circulation at seasonal and interannual time scales are strongly correlated, identifying specific drivers of h i variability likely requires interpretation of fully coupled models of the atmosphere, ocean, sea ice and ice shelves.
Interpretation of Main Observed Signals
[66] We described the principal features of changes in 〈dh i /dt〉 a for each ice shelf region in section 4. Here, we discuss our interpretation of three features in the elevation change record based on our knowledge of atmospheric and oceanic conditions presented in section 5.1: (1) negative elevation change between 1978 and 1992, (2) rapid surface lowering over most regions in the early 1990s, and (3) . These new results, the first application of Seasat RA to ice shelf elevation change studies, confirm that AP ice shelf elevations have been decreasing since before the launch of ERS-1. We cannot, however, determine whether lowering has been occurring since before 1978, or if it started at some time between 1978 and 1992.
Strong Surface Lowering in the Early 1990s
[68] The dominant, regionally extensive signal in 〈dh i /dt〉 a in the time series from ESA RAs is the relatively rapid and strong surface lowering on most ice shelves for 1992-1995 during the ERS-1 period (Table 1 and Figures 2-5 ). For most regions the rate of lowering for this period is several times larger than the long-term average value. The exceptions are the northern portion of George VI Ice Shelf and the southern portion of Wilkins Ice Shelf.
[69] The near-synchronous lowering of ice shelves on both sides of the AP suggests a direct response of the entire region to some change in large-scale atmospheric forcing around the AP; for example, the anomalously long melt season peninsula-wide in the 1992/1993 summer documented by Fahnestock et al. [2002] . Based on the estimates by Holland et al. [2011] of air content for the firn layer on Larsen C Ice Shelf in 1997/98, it is feasible that the large negative 〈dh i /dt〉 a on the northern regions of Larsen C Ice Shelf was driven by firn compaction aided by surface melting. There may also have been a contribution from associated precipitation changes, although we lack in situ measurements to test this hypothesis.
[70] For the western AP ice shelves (Wilkins, George VI, Bach and Stange), the consistently long melt season throughout the three decades [Tedesco, 2009] implies that almost-complete firn densification will have occurred in most years, leaving changes in annual mass balance as the primary direct atmospheric source for dh i /dt. However, for Wilkins Ice Shelf, Padman et al. [2012, Figure 5] indicates that the early 1990s were a period of slightly above-average SMB, imposing a net positive contribution to dh i /dt. Thus, ice-shelf elevation decline during this period requires mass loss from the ice base to exceed the excess SMB. The modeled George VI Ice Shelf averaged basal melt rate 〈w b 〉 [Holland et al., 2010, Figure 10 ] indicates a rapid rise from $2 m a À1 prior to 1990 to >3 m a À1 in 1991-1992, remaining elevated relative to the earlier values until $1998. The value of 2 m a À1 is close to the steady state value (see section 5.1.2), so that the increase of $1 m a À1 in 〈w b 〉 can explain $0.1 m a À1 of elevation change for the hydrostatically balanced ice shelf.
[71] The Holland et al. [2010] model predicts increased basal melt in the early 1990s for our region GVIS but not for GVIN. This is generally consistent with our results: the ERS-1 (1992) (1993) (1994) (1995) (1996) [72] Our analyses indicate that changing basal melt rate w b is a major component of observed dh i /dt for ice shelves in the Bellingshausen Sea but that improved ocean models are required before we can obtain reliable estimates of w b . However, it is clear that further study of the role of precipitation variability and firn compaction is required, even for ice shelves where w b is fairly large (of order 1 m a À1 ).
Termination of Lowering on Wilkins Ice Shelf Around 2000
[73] The southern portion of Wilkins Ice Shelf is the only region for which the pre-1992 lowering signal was stronger than during the modern RA era, 1992 RA era, -2008 (Table 1) ). In contrast to Larsen B Ice Shelf, which experienced rapid elevation decrease (〈dh i /dt〉 a ≈ À0.2 m a À1 ) in the decade leading up to its breakup in 2002 (see section 4.2.4), Wilkins Ice Shelf mean elevation did not change for eight years preceding its major calving events.
[74] Given that the topographic settings of all major Bellingshausen Sea ice shelves are similar, it was initially surprising to us that the variability of Wilkins Ice Shelf 〈dh i /dt〉 a was distinct from that of other nearby ice shelves including George VI Ice Shelf. However, an analysis of hydrographic data obtained by instrumented seals over the Bellingshausen Sea [Padman et al., 2012] indicates that the upper-ocean layer of near-freezing Winter Water (WW) is deepened close to Wilkins Ice Shelf, possibly by ocean response to local coastal winds combined with freshwater fluxes from the AP and ice-shelf basal melting. The ice draft for most of Wilkins Ice Shelf is shallow relative to that for George VI Ice Shelf and is close to the depth where the cold WW layer meets the warmer water of the underlying thermocline. Based on these observations, Padman et al. [2012] proposed that the cessation of Wilkins Ice Shelf surface lowering in 2000 corresponded to the time at which prior thinning by basal melting had raised most of the ice base into the WW layer. The potential for the depth of the WW layer to be sensitive to variability in coastal wind stress also provides a mechanism for rapid transmission of local atmospheric variability into oceanic impacts on dh i /dt via basal melting. These analyses indicate the potential for long-term RA measurements to identify previously ignored processes contributing to ice-shelf mass balance changes.
Conclusions
[75] We analyzed satellite radar altimetry (RA) data from four different missions (Seasat, ERS-1, ERS-2 and Envisat) acquired between 1978 and 2008 to provide an unprecedented view of spatial and temporal variability of surface elevation h i over the Antarctic Peninsula (AP) ice shelves. Inclusion of Seasat data allowed us to roughly double the length of the time interval for calculation of RA-based trends relative to the continuous modern RA record that began with ERS-1 in 1992. For each of 12 AP ice-shelf regions, we estimated time-and area-averaged trends 〈dh i /dt〉 a for five time periods; 1978-1992, 1992-1995, 1996-2002, 2003-2008 and 1978-2008 (Table 1) .
[76] All AP ice shelves experienced net lowering from 1978 to 2008 and, for most ice shelves, surface lowering began before the start of the modern RA time series in 1992. In general, time-averaged surface lowering for the period 1992-2008 was larger than for 1978-1992. The notable exception was the southern portion of Wilkins Ice Shelf (denoted WS), for which 〈dh i /dt〉 a = À0.21 m a À1 for 1978-1992 compared with $À0.13 m a À1 for 1992-2008 (and close to zero for [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Elevation changes were highly heterogeneous within regions. The most rapid decreases in surface elevation were observed at some locations close to the ice fronts of the Bellingshausen Sea ice shelves (George VI, Wilkins and Stange). This observation may imply increasing basal melt caused by warming upper-ocean temperatures near the ice fronts, or accelerated ice divergence.
[77] Most AP ice shelves experienced a period of rapid lowering approximately coinciding with the ERS-1 epoch (1992) (1993) (1994) (1995) ; however, the time series of annual averaged elevation anomalies for the different regions ( Figure 5 ) show large variations in the magnitude and timing of the negative 〈dh i /dt〉 a signals. Based on recent studies [Holland et al., 2010 [Holland et al., , 2011 Padman et al., 2012] , we suggest that the underlying synchronicity of 〈dh i /dt〉 a across the AP is driven by interannual variations and trends in surface mass balance and the seasonal cycle of firn compaction, while the complex oceanic response to atmospheric variability leads to asynchronous ocean forcing of different ice shelf regions. Our observations of dh i /dt should provide a valuable test of coupled climate models that attempt to represent ice shelf response to changing atmospheric forcing.
[78] Finally, our observations confirm the urgent need for continued long-term monitoring of Antarctica's ice shelves with satellite altimetry. CryoSat-2, launched in 2010, promises to extend the ESA time series until at least 2015, and ICESat-2 is anticipated for launch in 2016. Although ICESat and ICESat-2 carry laser altimeters, complicating comparisons with RA instruments, there is sufficient overlap of ICESat with Envisat, and hopefully with ICESat-2 and CryoSat-2, to assess the biases between these measurements, so that the multimission altimeter time series can be extended until at least 2020.
Appendix A: Intramission Crossover Analysis [79] Since the satellite ground tracks do not exactly follow the reference track, "repeat" crossover locations form a cluster of points around the nominal crossover location. The maximum distance between points in a single crossover cluster is $5 km although 1-2 km offsets are more typical. When the ice surface is sloping over the region covered by the cluster, the heights obtained from the satellites include variability associated with spatial sampling of topography. To reduce the potential contamination of the trend dh i /dt by spatial sampling across surface slopes dh i /dx and dh i /dy, we seek a solution that minimizes, in a least squares sense, the residual ɛ in the function: [80] In equation (A1), w t and w x are the weighting coefficients for temporal and spatial gradients, respectively. This approach assumes that, as h i changes with time, the surface slope is invariant.
[81] For the present study we chose values of w t = 10w x so that a typical slope-induced signal in h i (a slope of 1 m per km and typical track offsets of 1 km) gives a similar contribution to the fit statistics as an elevation change rate of 0.1 m a À1 evaluated over O(10) years. However, the solution in dh i /dt is not very sensitive to the choice of weighting coefficients, consistent with the random spatial offsets through the time series of h i (t) at the crossover. The primary value of including the slope correction is to reduce the noise in elevation time series (Figures 3 and 5) .
[82] We used equation (A1) to determine the slope corrections required to correct measured elevations to a standard central crossover location. We then calculated annual (winter only) means of the corrected elevations means. The final time series were formed by assigning annual (winter only) averaged values to the midpoint time of each year's set of data (typically close to 1 August). The final, reported, temporal trend dh i /dt is then calculated from linear least squares fitting of the annual averaged elevation values.
